Abstract. We investigate the chiral (flavor) structure of tetraquarks, and study chiral transformation properties of the "non-exotic" [(3, 3) ⊕ (3,3)] and [(8, 1) ⊕ (1, 8)] tetraquark chiral multiplets. We find that as long as this kind of tetraquark states contains one quark and one antiquark having the same chirality, such as qLqLqLqR + qRqRqRqL, they transform in the same way as the lowest levelqq chiral multiplets under chiral transformations. There is only one [(3, 3) ⊕ (3,3)] chiral multiplet whose quarkantiquark pairs all have the opposite chirality (qLqLqRqR + qRqRqLqL), and it transforms differently from others. Based on these studies, we construct local tetraquark currents belonging to the "non-exotic" chiral multiplet [(3, 3) ⊕ (3,3)] and having quantum numbers J P C = 1 −+ .
Introduction
The spontaneously breaking of chiral symmetry is one of the key issues to understand the nonlinear behaviors of the Quantum Chromodynamics (QCD) at the low energy region as well as the mass of hadrons [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . To describe the chiral symmetry we use the SU (3) L ⊗ SU (3) R chiral group, which spontaneously breaks to the SU (3) V group and produces eight Goldstone bosons, the pseudoscalar mesons π, K and η 8 . To study this chiral group we can use an algebraic method, and perform chiral transformations to study the chiral structure of hadrons [10, 11, 12, 13, 14, 15, 16] . During this process the chiral representation itself is not changed. For example, we can perform chiral transformations on baryons belonging to the [(6, 3) ⊕ (3, 6)] chiral representation, and the transformed ones still belong to the same representation. So the chiral symmetry is "closed" under chiral transformations.
The study of exotic hadrons is another interesting subject [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28] . Hadrons having exotic structures are called exotica, such as hybrid states, glueballs, tetraquark states and molecular states, etc.. The existence of exotic hadrons is not forbidden by QCD. However, there are quite a few experiments which have observed exotic hadrons. These observed exotica are π 1 (1400), π 1 (1600) and π 1 (2015), etc. [29] , but still they do not have an exotic flavor structure. Hence, the exotic flavor structure seems missing in our world. The chiral symmetry has been studied by lots of physicists, but the chiral structure of exotic hadrons has not been investigated by so many physicists yet. Since there are always multi-quark components in the Fock space expansion of physical hadron states, it is worth studying what remains unchanged in this expansion.
Here we would like to propose that the "closed" chiral symmetry may be related to the missing of the exotic flavor structure. Take the lowest level chiral multiplet (σ, π) as an example. Here we assume that they belong to the [(3,3) + (3, 3)] chiral representation. Their behaviors under the U (1) V , U (1) A , SU (3) V and SU (3) A chiral transformations reflect their scattering properties with the revelent pseudoscalar mesons. Since the transformed fields still belong to the same representation, the final states of this scattering should also belong to this chiral multiplet. They can be higher lever chiral multiplets, such as (ρ, a 1 ), but they still have a non-exotic flavor structure.
Take the meson f 1 of J P C = 1 ++ as another example. We use the interpolating field J µ =qγ µ γ 5 q as the lowest level term, which can couple to f 1 . It belongs to the chiral representation [(8, 1) + (1, 8) ]. Its full Fock space expansion can be written as:
where latter terms can be obtained by properly adding a chiral singlet quark-antiquark pair or a (chiral singlet) gluon to some former terms. All these terms belong to the same [(8, 1) + (1, 8)] chiral multiplet. Chiral transformations do not change this chiral representation, and so there are no exotic flavor structures in this expansion. However, the third termqγ µ γ 5can be transformed toqγ µ γ 5 qqγ 5 q, which can have exotic quantum numbers J P C = 1 −+ and so can couple to the exotic meson π 1 . We note that the exotic flavor structure may still exist, but then it can not be transformed to, nor transformed from, any term contained in the Fock space expansion of ground mesons and baryons under chiral transformations, i.e., it is not the chiral partner of any observed physical hadron. This may make them difficult to be observed.
In this paper we shall study the chiral structure of the tetraquark state. We shall only consider the chiral (flavor) degree of freedom and leave others undetermined, such as the color, orbit and spin. These degrees of freedom can be fixed in other models under proper assumptions. We shall perform chiral transformations on the tetraquarks belonging to the "non-exotic" [(3,3) This paper is organized as follows. In Sec. 2 we study the flavor structure of tetraquarks. In Sec. 3 we study the chiral structure of tetraquarks. We separately investigate tetraquarks belonging to the flavor singlet, flavor decuplet, flavor anti-decuplet, flavor 27 and flavor octet. In Sec. 4 we study chiral transformations of the [(3,3) ⊕ (3, 3)] and [(8, 1) ⊕ (1, 8)] chiral multiplets. Based on these studies, in Sec. 5 we construct local tetraquark currents belonging to the "non-exotic" chiral multiplet [(3, 3) ⊕ (3,3)] and having quantum numbers J P C = 1 −+ . Sec. 6 is a summary.
Flavor Structure of Tetraquark
The flavor structure of tetraquark is:
In our following calculation we shall use A, B, C, · · · to denote flavor indices. ǫ ABC is the totally anti-symmetric tensor; S (U = 1 · · · 27) are the matrices for the 27 flavor representation. We show their non-zero components in Tab 1. The weight diagram of this representation is a hexagon with three layers as shown in Fig. 1 
and the following commutation and orthogonality relations: We can explicitly write down all the tetraquark flavor representations shown in Eq. (2) using these definitions and notations. We do this according to the flavor symmetries of diquarks and antidiquarks:
1. When the diquark and the antidiquark both have the antisymmetric flavor structure, i.e., the flavor representation of (qq)(qq) is3 ⊗ 3, the flavor representations of tetraquark can be singlet (S 1 ) and octet (O N 1 ):
2. When the diquark has the antisymmetric flavor structure and the antidiquark has the symmetric structure (3(qq)⊗ 6(qq)), the flavor representations of tetraquark can be octet (O N 2 ) and anti-decuplet (D P ):
3. When the diquark has the symmetric flavor structure and the antidiquark has the antisymmetric structure (6(qq)⊗ 3(qq)), the flavor representations of tetraquark can be octet (O N 3 ) and decuplet (D P ):
4. When the diquark and the antidiquark both have the symmetric flavor structure (6(qq) ⊗6(qq)), the flavor representations of tetraquark can be singlet (S 2 ), octet (O N 4 ) and 27 f (T U ):
Chiral Structure of Tetraquark
Compared with its flavor structure, the chiral structure of the tetraquark is more complicated:
We show its full expression in Tab 2, where q L and q R denote the left-handed and right-handed quarks, respectively. We note that the chiral structure of the tetraquark is always like [(A, B) + (B, A)], since "left" and "right" can be interchanged in the QCD sector. Using the same definitions and notations shown in the previous section, we can explicitly write down these chiral representations. Their explicit forms are shown in several tables. The flavor singlet tetraquarks are shown in Tab 3, the flavor decuplet, anti-decuplet and 27 f tetraquarks are shown in Tab 4, and the flavor octet tetraquarks are shown in Tab 5. In these tables there are many exotic chiral multiplets, such as the [(15, 3) ⊕ (3, 15)] chiral multiplet. In this paper we shall not study these multiplets, but concentrate on the "non-exotic" [(3, 3) 
The singlet and octet tetraquarks contain both the left-handed and right-handed parts which can be written in the following way in order to specify representations of the chiral group 
Again we find that the "left" and "right" can be interchanged here. The chiral multiplet T
all contain one pair of quark and antiquark which has the same chirality and can be combined to be a chiral singlet. This is just like adding one chiral singlet quark-antiquark pair (q have the opposite chirality, and so can not be chiral singlet. This makes T : 
All these six multiplets contain one pair of quark and antiquark which has the same chirality and can be combined to be a chiral singlet.
4 Chiral Transformation
Chiral Transformation of Mesons
Under the U (1) V , U (1) A , SU (3) V and SU (3) A chiral transformations, the quark, q = q L q R , transforms as
where λ are the eight Gell-Mann matrices; a 0 is an infinitesimal parameter for the U (1) V transformation, a the octet of SU (3) V group parameters, b 0 an infinitesimal parameter for the U (1) A transformation, and b the octet of the chiral transformations; the γ 5 matrix is diagonal in the chiral (Weyl) representations [13] :
In this subsection we study the chiral transformation properties of quark-antiquark mesons. The chiral (flavor) structure of quark-antiquark mesons can be
where
The mesons M The U (1) V chiral transformation is trivial which counts the quark number δM i = 0. The other chiral transformation equations are:
We note that these chiral transformation equations are different from those of the relevant meson currents (fields), but their coefficients are similar. For example, the singlet meson field η ≡q 
Chiral Transformation of Tetraquarks
In this subsection we study the chiral transformation properties of tetraquarks belonging to the "non-exotic" [(3, 3) ⊕ transform like their mirror fields:
(42)
These chiral transformation equations are the same as those of (σ, π) belonging to the [(3, 3) ⊕ (3,3)] chiral representation, or its mirror representation (Eqs. (36) and (37)). While the chiral transformation equations of T
We note that this is the only case which has a non-exotic chiral representation but transforms differently from others under chiral transformations. To obtain these equations we need to use the following relation: transform like their mirror fields:
These chiral transformations properties are the same as those of (ρ, a 1 ) belonging to the [(8, 1) ⊕ (1, 8) ] chiral representation, or its mirror representation (Eqs. (35)).
Tetraquark Currents of J
In the previous sections we have studied the chiral (flavor) structure of tetraquarks. Those obtained flavor matrices and chiral transformation equations can be used to construct tetraquark currents and study their chiral transformation properties. We note that the chiral (flavor) structure of tetraquark currents is much more complicated than their color and Lorentz structures, and so the construction of tetraquark currents becomes easy (much easier) based on the studies of previous sections. As an example, in this section we show how to construct tetraquark currents of exotic quantum numbers J P C = 1 −+ , but belonging to the "non-exotic" chiral multiplet [(3, 3) ⊕ (3,3)]. The tetraquark currents of J P C = 1 −+ have been listed in Ref. [30] , and so we just need to add the flavor matrices
properly. The chiral multiplets T both contain the diquark and antidiquark having the antisymmetry flavor structure3 f (qq) ⊗ 3 f (qq), i.e., the flavor matrix ǫ ABE ǫ CDE . Inserting this matrix into Eqs. (2) of Ref. [15] , we obtain two independent flavor singlet tetraquark currents (the superscript A is used to denote the antisymmetric flavor structure): . This is because these two chiral multiplets are related by the charge-conjugation transformation, and so if we want to construct tetraquark currents having a definite charge-conjugation parity, we need to use their combinations.
Inserting the flavor matrix ( (2) of Ref. [15] , we obtain two flavor octet tetraquark currents which also belong to both T : contains the diquark and the antidiquark having the symmetry flavor structure 6 f (qq) ⊗6 f (qq), i.e., the flavor matrix (δ AC δ BD + δ BC δ AD ), and they are also related by the chargeconjugation transformation. Inserting this matrix into Eqs. (1) of Ref. [15] , we obtain two independent flavor singlet tetraquark currents (the superscript S is used to denote the symmetric flavor structure):
They can be written as (1) of Ref. [15] , we obtain two flavor octet tetraquark currents which also belong to both T :
We can verify that S contains the diquark and the antidiquark having the antisymmetry flavor structurē 3 f (qq) ⊗ 3 f (qq). However, after inserting the flavor matrix ǫ ABE ǫ CDE into Eqs. (2) of Ref. [15] , we obtain the same tetraquark currents as Eqs. (52). We have verified that these two currents belonging to T . Therefore, there are no tetraquark currents belonging to the chiral multiplet T , which have been proved to transform in an exotic way under chiral transformations (see Eqs. (47) and (48)).
The chiral transformation properties of tetraquark currents are different from those equations obtained in Sec. 4 for the chiral space only, but their coefficients are similar. For example, the chiral transformation equations of S A 1µ are: ). Therefore, we have shown that the formulae obtained in Sec. 4 can be easily applied to calculate the chiral transformation equations of the relevant tetraquark currents. Moreover, since we have verified that there are no local tetraquark currents of J P C = 1 −+ belonging to the chiral multiplet T , we arrive at a conclusion that all the local tetraquark currents of J P C = 1 Since in this paper we concentrate on the chiral (flavor) structure of tetraquarks, we do not discuss tetraquark currents any more. We just note that these tetraquark currents can be used in the methods of Lattice QCD and QCD sum rule, and we shall also use them in our future QCD sum rule studies.
Conclusion and Summary
We have systematically investigated the chiral (flavor) structure of tetraquarks, and found all the chiral multiplets. We only consider the chiral (flavor) structure and other degrees of freedom remain undetermined. Then we concentrate on the tetraquarks belonging to the "non-exotic" [(3, 3) ⊕ (3,3)] and [(8, 1) ⊕ (1, 8) ] chiral multiplets as well as their mirror multiplets, which have the same representations as the lowest levelqq chiral multiplets. We have studied their behaviors under the U (1) V , U (1) A , SU (3) V and SU (3) A chiral transformations. We find that most of them contain one pair of quark and antiquark which have the same chirality and can be combined to be a chiral singlet, and so they can be constructed by adding one chiral singlet quark-antiquark pair to the lowest levelqq chiral multiplets. Consequently, under chiral transformations they transform exactly like the lowest level [ (3, 3) ⊕ (3,3) ] chiral multiplet (σ, π) and the [ (8, 1) ⊕ (1, 8)] chiral multiplet (ρ, a 1 ). There is only one exception, T , whose quark-antiquark pairs all have the opposite chirality, and it transforms differently from other [ (3, 3) ⊕ (3,3) ] chiral multiplets.
The flavor matrices and chiral transformation equations obtained in the chiral (flavor) space of tetraquarks can be used to construct tetraquark currents and study their chiral transformation properties. As an example, we construct tetraquark currents of exotic quantum numbers J P C = 1 −+ , but belonging to the "non-exotic" chiral multiplet [ (3, 3) ⊕ (3,3) ]. We also calculate the chiral transformation equations of one tetraquark current S A 1µ , and find the coefficients of these equations (Eqs. (58)) are similar to those for tetraquarks belonging to the same chiral multiplet [ (3, 3) ⊕ (3,3) ], but obtained in the chiral space only (Eqs. (39) ).
Since there are always multi-quark components in the Fock space expansion of physical hadron states, it is worth studying what remains unchanged in this expansion. In this paper we have shown that as long as the tetraquark and theqq meson belong to the same chiral representation and the tetraquark contains one quark and one antiquark having the same chirality (q L q L +q R q R ), they transform in the same way under chiral transformations. We find that among the five [ (3, 3) ⊕ (3,3)] and six [(8, 1) ⊕ (1, 8) ] tetraquark chiral multiplets shown in Tabs 3 and 5, ten of them satisfy this condition.
This study is for the tetraquark case, the pentaquark case is also interesting, which we shall study in the future. We shall also perform chiral transformations on other exotic tetraquarks in order to make a complete analysis, which is more complicated and takes more time.
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A Transition Matrices
Since it takes much more space to show the transition matrices T N 8×10 , we show the conjugate-transpose ones T 
Since it takes much more space to show the transition matrices T N 8×27 , we show the conjugate-transpose ones T 
